We carried out first principles calculations to show that polymerizable structures containing hydroxyl (alcoholic chain) and amino groups are suitable to form stable complexes with dibenzothiophene (DBT) and its alkyl derivates. These sulfur pollutants are very difficult to eliminate through traditional catalytic processes. Spontaneous and exothermic interactions at 0 K primarily occur through the formation of stable complexes of organosulfur molecules with monomeric structures by hydrogen bonds. The bonds are formed between the sulfur atom and the hydrogen of the hydroxyl group; additional hydrogen bonds are formed between the hydrogen atoms of the organosulfur molecule and the nitrogen atoms of the monomers. We vary the number of methylene groups in the alcoholic chain containing the hydroxyl group of the monomer and find that the monomeric structure with four methylene groups has the best selectivity towards the interaction with the methyl derivates with reference to the interaction with DBT. Even this study does not consider solvent and competitive adsorption effects; our results show that monomeric structures containing amino and hydroxyl groups can be used to develop adsorbents to eliminate organosulfur pollutants from oil and its derivates.
Introduction
The content of sulfur in liquid fuels has been continuously reduced in the past 3 decades through tighter government restrictions in liquid fuel specifications [1] [2] [3] . However, due to the continuous increase in the amount of fuels consumed, the total amount of sulfur released to the environment has not decreased significantly. In the United States, recent government restrictions set a limit for a maximum sulfur content of 15 and 30 parts per million on weights of gasoline and diesel fuel, respectively [4] [5] [6] [7] . To continue reducing the sulfur content of fuels, new technologies for desulfurization need to be developed. Sulfur exists naturally in oil in the form of hydrogen sulfide and organosulfur compounds, for example, thiophenes, benzothiophenes, dibenzothiophenes (DBTs), and their alkyl derivates [8] . Hydrodesulfurization (HDS) and dehydrodesulfurization (DDS) processes are commonly employed to separate the sulfur from oil in the form of hydrogen sulfide [9, 10] . HDS and DDS processes use catalysts that absorb the organosulfur compounds to the catalytic surface through a sulfur atom in the first step. In the second step, the sulfur atoms react with hydrogen and finally the hydrogen sulfide and the corresponding hydrogenated organic compound desorb. These processes transform most of the organosulfur compounds, but some alkyl derivates of DBT are very difficult to absorb and transform [11] [12] [13] .
Organosulfur compounds formed of sulfur atoms attached to alkane chains are easily processed by HDS and DDS because the sulfur atom is highly accessible to the catalytic surface. Small cyclic compounds containing sulfur, that is, thiophenes and benzothiophenes and their alkyl derivates, are also easily absorbed by the catalytic surfaces and transformed later. Starting from thiophene, which is the smallest cyclic organosulfur compound, the absorption and transformation capacities for those compounds decrease as the number of benzyl and alkyl groups attached to the basic thiophene 2 International Journal of Polymer Science structure increases [4] . The lowest absorption capacity corresponds to 4,6-dimethyldibenzothiophene (4,6-DMDBT) [14] . Among all the possible methyl derivates of DBT present in oil, 4,6-DMDBT and 4-methyldibenzothiophene (4-MDBT) have proven to be the most difficult to eliminate from oil and its refined liquid products [4] . They are the main constituents of the remaining sulfur in liquid fuels. Any improvement in desulfurization using catalytic desulfurization technology, which is not very effective on 4-DMBT and 4,6-DMDBT compounds, requires higher hydrogen consumption, additional infrastructure in the processing refineries, and the improvement or development of new catalysts [5] [6] [7] .
New experimental and theoretical approaches to eliminate DBT and its alkyl derivates (other than catalytic approaches) have been developed in the past decade that include the transformation of organosulfur compounds through digestion by microorganisms [15] [16] [17] , the sonochemical degradation [18] [19] [20] , the formation of charge transfer complexes [21] [22] [23] , and the adsorption on modified surfaces containing metallic cations, that is, zeolites [24] [25] [26] and silica [27] . Additionally aerogels [28] [29] [30] , hydrogels [31, 32] , and activated graphite with functionalized surfaces containing oxygen-based functional groups and metals [33] [34] [35] have been used. These new approaches have been partially successful at eliminating DBT, but some of them are too expensive to apply at a commercial scale.
In this work, we study the interaction of the complexes of problematic organosulfur compounds on several polymerizable structures using density functional theory (DFT) calculations [36] [37] [38] . The first monomeric structure we study is formed by a polymerizable segment, which contains one hydroxyl and two primary amino groups. We find that the DBT and its alkyl derivates form stable complexes with these monomeric structures. Complexes are formed via hydrogen bonds at several sites in the monomer and organosulfur compounds; in the monomer, the oxygen, some nitrogen and hydrogen atoms are involved in the formation of hydrogen bonds, while in the organosulfur molecules the sulfur and some hydrogen atoms participate in the hydrogen bonds. The hydroxyl group of the monomeric structure is attached to the main chain through a methylene group and it is not very accessible to the sulfur atom, especially for 4,6-DMDBT. To make the hydroxyl group less and more accessible to the sulfur atom, we modify the original structure and propose another new five monomeric structures. The optimal methylene chain length of monomer that maximizes the complexation energy of organosulfur compounds is discussed in terms of the energetic stability and the selectivity; even this study is not considering the solvent and competitive adsorption effects. In order to explore new avenues of pollutant separation research, it is necessary to gain insight about the intrinsic activity of organosulfur compounds in the presence of hydroxyl or amino groups, which are also present in many adsorbent materials. This paper is organized as follows: the employed methodology is described in Section 2 and results of geometry optimizations and electronic structure calculations of DBT, 4-MDBT, and 4,6-DMDBT are presented in Section 3. The electronic structure of the first studied monomer is shown in Section 4. Section 5 presented the calculation of the complexation energies of the organosulfur compounds on an initial monomeric structure and compared it with the complexation energies of derivates of the initial structure to elucidate the most appropriate monomeric structure that could be used in the adsorption of organosulfur compounds. Finally, conclusions of this work are shown in Section 6.
Methodology
We perform geometry optimizations of the organosulfur molecules at the B3LYP/6-311+G(d,p) level of theory using the GAUSSIAN software [39] . The well-known B3LYP [40, 41] hybrid functional consists of Becke exchange functional, the Lee-Yang-Parr correlation functional, and a HF exchange term. This level of theory is competitive in terms of accuracy when it is combined with an adequate basis set as the one used in this work. McAllister [42] found that DFT, using nonlocal and gradient corrected functional, performed very similar to other correlated methods, such as calculations at the MP2 level of theory. In addition, calculations employing this functional have been proved in selected reactions involving sulfur atoms, such as S-H bond dissociation enthalpies compared with the experimental gas-phase enthalpy [43] , the molar enthalpy of formation [44] , and the proton affinities [45] . In particular, Singh et al. [46] have reported the ground state geometry of thiophene and its hydrogen bonded complexes with dimethyl sulfoxide and methanol in gas phase, finding that B3LYP yields better estimate of vibrational wavenumbers of complexes, dipole-dipole interaction of the hydrogen bonded complexes having insignificant differences of energy (up to 0.014 kcal/mol) compared with those calculated using the second order Møller-Plesset method (MP2). Finally, the B3LYP functional has been widely used to investigate the potential energy maps of various systems containing carbon, hydrogen, oxygen, and sulfur atoms [47] [48] [49] [50] [51] [52] [53] [54] .
Electronic Structure of DBT, 4-MDBT, and 4,6-DMDBT
To identify potentially viable adsorbent materials, we first need information about the organosulfur compounds: electronic structure and energetics. Reliable information about their electronic structure (geometry, electronic density, electrostatic potential, dipole moments, etc.) and energetics of adsorption processes of molecules at surfaces and macromolecules is commonly obtained by ab initio and DFT calculations.
We have compared the optimized geometries of the organosulfur molecules with respect to a more sophisticated methodology as the second order Møller-Plesset (MP2) energy calculation, finding differences in total energy up to ∼0.3% (found in the geometry of the 4,6-DMDBT); due to the size of the studied systems, MP2 requires a computational effort which is nonpractical [36] [37] [38] 55] . The optimized geometries were characterized as true minima by harmonic frequency analysis. More specifically, using this approach, the optimized geometry of DBT exhibits small deviations from previously reported geometries using theoretical [56] and experimental approaches [57] ; for example, bond distances exhibit differences with the experimental values in the range of 0.001 and 0.020Å, while valence (bond) angles exhibit differences up to 1 ∘ . Given the rather minute deviations in geometry, we expect that our results should be quantitatively informative. The molecule is completely flat in agreement with the experimental values. No experimental geometries have been reported for 4-MDBT and 4,6-DMDBT.
An analysis of the global minima of the molecular electrostatic potential (MEP) [58] , min , shows the most reactive sites of DBT, which correspond to the -electron regions of the sulfur atom, as we show in Figure 1 (a) and Table 1 Table 1 ). The small dipole moment of 4,6-DMDBT (compared to the dipole moments of DBT and 4-MDBT) results in a much weaker attraction to the catalytic surface, thereby reducing the effectiveness of HDS and DDS processes [60] .
The low rate for absorption and transformation of 4-MDBT and 4,6-DMDBT at the HDS and DDS catalytic surfaces is related to the spatial "shielding" of the sulfur atom. The "shielding" results from the addition of methyl groups to DBT that reduce accessibility of the sulfur atom to catalytic surfaces, as shown in Figure 1 . Accordingly, the small amount of 4-MDBT and 4,6-DMDBT transformed at HDS and DDS catalytic surfaces is probably done at spatially favorable sites, that is, at edges and defects. New approaches for desulfurization processes should take into account these steric constraints, as well as the differences in their MEP and dipole moment to develop efficient and selective methods, regardless of the desulfurization mechanism used to separate these molecules from oil and its derived liquid fuels.
Electronic Structure of the Monomeric Adsorbent
To identify effective adsorbents, we need to quantify the monomer properties similar to the evaluation of organosulfur compound properties. Appropriate adsorbents for the organosulfur compounds should contain functional groups, which attract and form physical bonds with the sulfur atom. In a previous study, Castro et al. [61] proposed a structure containing secondary amines, which adsorb an oxidized product of DBT (sulfone). They found that the oxygen atoms of the sulfone interact with the hydrogen atoms of the secondary amines through hydrogen bonds. In this work, we propose a monomer structure that contains two primary amino groups and one hydroxyl group. We expect that the functional groups in the monomer will form hydrogen bonds with the sulfur atom in the organosulfur molecules. Specifically, we examine the monomeric structure shown in Figure 2 (named M, for short). M can be synthesized through the ringopening reaction of an epoxide (2-propenoic acid, 2-methyl-, oxiranyl ester) with a pteridine containing a hydroxyl group (2,4-diamino-6-hydroxymethylpteridine) and an aluminum triflate as catalyst [62] . We calculate the optimized geometry and the energetics of the monomer at the same level of theory as the organosulfur compounds in the previous section. We also verify that the obtained conformation for the monomer corresponds to a global minimum with no imaginary frequencies. We map the structure of the monomer and its MEP to the electronic density isosurface of the molecule (Figure 2) . The favorable sites of the monomer to interact with organosulfur compounds are revealed in the MEP map of the monomer. Electrondeficient sites in the monomer will attract negatively charged sites in the organosulfur compounds; those electron-deficient sites are primarily the regions containing the hydrogen of the hydroxyl group but they also occur in the regions containing the hydrogen atoms of the amino groups. Negatively charged sites in the monomer will attract electron-deficient sites in the organosulfur compounds. The regions around one of the central carbon atoms and its neighbor nitrogen atoms forming the double ring are negatively charged sites. Brown spheres in the molecular structure represent carbon atoms, while white, red, and blue spheres represent hydrogen, oxygen, and nitrogen atoms, respectively. Blue areas in the MEP represent regions where a proton would feel repulsion, while in red areas a proton would feel attraction. Comparison of Figures 1 and 2 provides insight into which regions between the DBT series and M will be attracted.
Complexation Energies and Selectivities of DBT, 4-MDBT, and 4,6-DMDBT on M and Its Derivates
The stability of the complexes between DBT, 4-MDBT, and 4,6-DMDBT and the monomer M provides thermodynamic insight into the effectiveness of this monomer to adsorb these problematic organosulfur molecules. We optimize the geometries of the complexes at the same level of theory as the DBTs and M in Sections 3 and 4. For the complex with DBT, the organosulfur molecule was located initially with the sulfur atom near the amino groups of M, but the optimized configuration resulted in a complex with a hydrogen bond between the sulfur atom and the hydrogen of the hydroxyl group of M. We tested three other possible initial orientations, all of which resulted in the same final structure. Vibrational calculations show that the conformations obtained are global minimums with no imaginary frequencies. The organosulfur molecule also attaches to M through hydrogen bonds between hydrogen atoms of DBT and a nitrogen atom in the double aromatic ring (Figure 3(a) ). For the complexes with 4-MDBT and 4,6-DMDBT the separation between the sulfur atom and the hydrogen atoms of M becomes larger, probably due to the fact that the oxygen in the hydroxyl group and one of the nitrogen atoms in the double aromatic ring form hydrogen bonds with hydrogen atoms of the substituted methyl groups on 4-MDBT and 4,6-DMDBT. The hydrogen bonds with the methyl groups of the organosulfur compounds push the sulfur atom away from the monomeric structure. We calculate the complexation energies including the zero-point correction by
where ZPE,M , ZPE, , and ZPE,complex are the total energies including the zero-point correction of the isolated monomer, the isolated organosulfur compound, and the complex, respectively. We calculate the total energies including the zero-point correction of the complex and the isolated molecules through vibrational calculations, using the previously optimized structures at the same level of theory used for the isolated constituents. At 0 K, the free energy, Δ 0 K , is equal to the change in enthalpy and also is equal to Δ ZPE . The Δ ZPE for the 3 complexes between M and DBT, M and 4-MDBT, and M and 4,6-DMDBT show negative values indicating exothermic and spontaneous adsorption processes at 0 K. The complex with 4,6-DMDBT shows the largest value, while the complex with DBT shows the lowest value ( Table 2 ). The observed trend in energies is probably due to the additional hydrogen bonds between the hydrogen atoms of the methyl substituent and M, which are not present in the complex with DBT. We repeat the vibrational calculations at 300 K and 1 atm and find that at these thermodynamic conditions the process starting from isolated reactants is exothermic but not spontaneous.
We calculate the selectivity ( ) of component with respect to DBT using the complexation free energies and the criteria
where Δ 0 K and Δ 0 K DBT are the free energies at 0 K of component and DBT, respectively. The selectivities of 4-MDBT and 4,6-DMDBT with reference to DBT show negative values ( Table 3 ), indicating that 4-MDBT and 4,6-DMDBT will be preferably adsorbed compared to DBT, but the selectivities can change depending upon the thermodynamic conditions and solvents surrounding the complexes and molecules. Therefore we study how the structure of the monomer affects . In order to improve towards the problematic compounds (4-MDBT and 4,6-DMDBT), we modify the structure of M. Since the sulfur atom forms hydrogen bonds with hydroxyl and amino groups and hydrogen atoms attached to aromatic rings [63] , we affect by making the hydrogen of the hydroxyl group more or less accessible to the sulfur atom. We build five new monomer structures of M by replacing the methylene group (and its attached hydroxyl functional group) with alcohol chains having no methylene groups (which we refer to as M 0 ) and alcohol chains with up to five methylene groups (we call these M 2 -M 5 ) as shown in Figure 4 . We optimize the structures of the complexes and calculate Δ ZPE and of the complexes formed by DBT, 4-MDBT, and 4,6-DMDBT with the five derivates of M (M 0 , M 2 -M 5 ) at the same level of theory used for the complexes with M. Vibrational calculations using the optimized conformation of the complexes show global minimums with no imaginary frequencies. We calculate Δ ZPE and for all the complexes with (1) and (2) and report the values in Tables 2 and 3 and in Figure 5 . In order to validate the complexation energy results, we also perform single-point energy calculations for the complexes with 4,6-DMDBT and M 3 -M 5 at the more accurate method MP2 using a smaller basis set (6-311G), using conformations optimized with B3LYP at the same basis set, and we also report the complexation energy results in Table 2 . We were unable to use MP2 with the 6-311+G(d,p) basis set due to computational limitations. The MP2 results do not include the zero-point energy correction also due to computational limitations. We find that MP2 and B3LYP 4-MDBT-M 3 and 4,6-DMDBT-M 4 . Unfortunately, 4-MDBT molecules adsorb on M 3 through the atoms of one of the aromatic rings and hydrogen bonds between the sulfur atom and the hydrogen of the hydroxyl group are not formed ( Figure 6 ). Many organic compounds with no sulfur atoms will form stable complexes and show hydrogen bonds with M 3 similar to the bonds between 4-MDBT and M 3 . Those complexes will have similar complexation free energies and therefore the selectivity will be similar if we do not take into account the solvent effects [64] . Hence we must investigate other monomer structures with smaller 4-MDBT to see if they might be more effective.
The complexes formed by the organosulfur compounds and M 4 include hydrogen bonds between the sulfur atom and the hydrogen of the hydroxyl group (Figure 7) . The complexes of 4-MDBT and 4,6-DMDBT and M 4 also show additional hydrogen bonds between the hydrogen atoms of the methyl substituent of the organosulfur molecule and the oxygen of the hydroxyl group of M 4 . The distance of the additional hydrogen bonds is ∼2.72Å, revealing strong hydrogen bonds. The complexation energies on monomer M 4 are similar to previously reported DFT calculations of the adsorption of thiophene on clusters representing zeolites (6.1-10.5 kJ/mol) [65] . Experimental adsorption of DBT, 4-MDBT, and 4,6-DMDBT on activated carbons shows that selectivities towards the problematic compounds 4-MDBT, between 1.28 and 2.3, and 4,6-DMDBT, between 1.96 and 3.50, using DBT as reference [66] . The activated carbons probably have active sites (hydroxyl and carboxylic) that interact with 4-MDBT and 4,6-DMBT in a similar way as those studied in this work. If we consider the selectivities and the need for complexes forming bonds with the sulfur atom, M 4 is a better adsorbent than M 3 to process the problematic organosulfur compounds 4-MDBT and 4,6-DMDBT.
Conclusions
We have shown that polymeric materials with structures including amino and hydroxyl functional groups form stable complexes with dibenzothiophene and its alkyl derivates.
The complexation energies at 0 K for the complexes formed between organosulfur molecules and monomeric structures of these polymers show spontaneous and exothermic processes for all monomeric structures studied.
The best monomeric structure (M 4 ) found in this work for the selectivity of 4-MDBT and 4,6-DMDBT has a hydroxyl group attached to a linear chain long enough to produce a hydrogen bond between the sulfur atom of the organosulfur molecule and the hydrogen of the hydroxyl group. The linear chain studied in this work has the appropriate length to allow for other hydrogen bonds between the hydrogen atoms of the methyl substituent of the organosulfur molecule and the nitrogen atoms of the monomeric structure.
Additional calculations are needed to account for solvent effects to produce reliable selectivity predictions. A relevant solvent for these systems is a model solution of oil or its fractions, which are difficult to study using the basis set used in this work. Therefore, calculations using less expensive computational resources are needed. Nonetheless, our initial results at 0 K show that these monomeric structures are a possible solution to eliminate these pollutants from oil and its derivates.
In future work, a study of the selectivity of the adsorption of the problematic organosulfur molecules using the best monomeric structures found in this work in a polymeric system containing several monomer units using molecular dynamics simulations will be conducted to study the effectiveness of these systems in more realistic conditions. The polymeric chain will be in contact with mixtures of oil, gasoline, and diesel containing representative amounts of organosulfur compounds.
